Electrical spin injection into silicon was studied in a ferromagnet/insulator/silicon/insulator/ ferromagnet structure, where the insulator is Si 3 N 4 . Si 3 N 4 barriers conduct by hopping conduction at low voltages, but switch to Fowler-Nordheim tunneling at high voltages. In the Fowler-Nordheim tunneling regime a magnetic field dependence of the output current consistent with spin dependent transport through the silicon is observed; in the hopping conduction regime reduced magnetic field dependence of the output current is observed. This voltage dependence of the magnetic sensitivity strongly supports the existence of spin injection into silicon. After correction for Lorentz magnetoresistance, the magnitude of this signal is 4.1% ± 0.5% ͑12% ±5%͒ for p-type ͑n-type͒ Si.
I. INTRODUCTION
One of the leading contemporary challenges in spintronics is achieving spin dependent transport through silicon as a prelude to making Si-based spintronic devices. Semiconductors in the III-V family have readily yielded their secrets and transported spin polarized carriers. Optical pumping experiments led the way by demonstrating the feasibility of spin transport through GaAs and InAs and measuring the associated spin lifetimes.
1,2 Spin injection demonstrations [3] [4] [5] followed in which a magnetic semiconductor ͑or a ferromagnetic metal through a Schottky barrier or an Al 2 O 3 tunnel barrier͒ injected spins into a III-V light emitting diode structure: the polarization of the light emitted very convincingly tracked both the magnetic hysteresis and the magnetization versus temperature characteristics of the detector, thereby confirming successful spin injection.
However, in contrast to the III-V spin transport success story, spin transport through Si, the world's leading commercial semiconductor, remains intractable. Its indirect band gap precludes optical generation/detection of spin polarized carriers. Electrical injection is thus the only route available for studying Si's spin transport capabilities. However, to date, conclusive attempts to inject spins into Si have proved elusive.
In this paper, we present experimental data in which the magnetotransport effects, though still small, point encouragingly towards the implementation of spin transport through Si. This experimental work uses three approaches to distinguish between true spin effects and magnetotransport artifacts. First, we employ a vertical structure 6 whose geometry suppresses the usual transport artifacts; second, we avoid impedance mismatch problems 7 by using spin tunnel injection 8 into the silicon; third, we exploit the two conduction mechanisms in our spin injection barriers, each of which dominates in a different voltage range and one of which permits spin injection while the other does not. The latter is used to distinguish genuine spin effects from any artifacts that remain.
II. STRUCTURE AND FABRICATION
The device structure is shown in Fig. 1 . Charge carriers are injected into a 2.2 m thick Si layer from a ferromagnet via a tunnel barrier by applying a voltage between the ferromagnet and the Si. This spin polarized current traverses the Si ͑by diffusion and drift͒ to a second tunnel barrier separating the Si from another ferromagnet which is back biased in order to extract carriers. The existence of a spin polarized current in the Si is indicated by the output current dependence on the relative orientation of the two ferromagnets, whose magnetizations may be differentially switched. ͓Since most of the spin scattering mechanisms that exist in GaAs do not exist in Si, 9 and the spin diffusion length in GaAs exceeds 100 m, a spin diffusion length in Si of at least 2.2 m-two orders of magnitude smaller-is not unreasonable. Furthermore, electron spin resonance ͑ESR͒ work 10 from the 1950s suggests long spin lifetimes in Si.͔ The samples were fabricated using standard photolithography on p-type and n-type silicon-on-insulator ͑SOI͒ wafers with a doping of ͑4 -7.8͒ ϫ 10 14 cm −3 for the p-type wafer and ͑1.3-2.6͒ ϫ 10 14 cm −3 for the n-type wafer and a resistivity of 17-33 ⍀ cm at 300 K. ͑The results for the n-and p-type Si are similar; due to space considerations, only the p-type results are shown.͒ The injector and detector contacts are metal-insulator-semiconductor junctions where the insulator is Si 3 N 4 and the control contact is an Ohmic metalsemiconductor junction ͑achieved by doping the Si to 10 20 cm −3 ͒. For ease of fabrication, all three contacts have a thin film of cobalt, but the magnetic nature of the control contact is of no consequence as the control contact merely determines the relative applied bias across each tunnel barrier.
III. TUNNEL BARRIER CHARACTERIZATION
Typical room temperature I-V characteristics 11 of the control-detector barrier with a floating injector are shown in Fig. 2 . ͑The results are similar for the control-injector barrier.͒ No single conduction mechanism across the barrier can account for the behavior over the whole voltage range. At low bias voltages, the functional form 12 of the I-V curves is given by
where A and D have units of amperes, B has units of V 1/4 , and C is an admittance with units of mho. ͑The linear term accounts for parasitic currents.͒ The form of this curve implies that the dominant conduction mechanism across the barrier in this regime is Mott's variable range hopping conduction ͑HC͒, 13, 14 where the barrier is comprised of the Si 3 N 4 low transmission barrier and a Schottky barrier in the Si. 15 This is in agreement with previous work [16] [17] [18] which found that Si 3 N 4 low transmission barriers conduct primarily by electron hopping near the Fermi level due to defects or dangling bonds.
At voltages greater than ϳ͉0.5͉ V ͑as determined from numerical differentiation͒, it can be seen that the functional form of the data changes. This change is similar to that observed previously 16 and is ascribed to Fowler-Nordheim tunneling ͑FNT͒ conduction 19 overtaking the hopping conduction. 20 In our structures, this change is due to injection of the carriers above the Schottky barrier and through the Si 3 N 4 low transmission barrier only. The functional form for Fowler-Nordheim tunneling ͓Eq. ͑2͔͒ accurately fits these data for voltages greater than ϳ͉0.5͉ V:
where A has units of A / V 2 , B has units of volts, C is an admittance with units of mho, and D has units of amperes. The doping type and concentration of the Si influence only the detailed form of the I-V characteristics.
It is well established 21 that hopping conduction destroys the spin polarization of carriers due to their extended time 22 at each localized state for an average time that generally exceeds their spin lifetime. Therefore, little magnetic sensitivity of spin dependent origin should be exhibited by the device in the regime where hopping conduction dominates. Later, we use this observation as a means to help separate genuine spin injection effects in the device from the multitude of spurious magnetic artifacts ͑anisotropic magnetoresistance, Lorentz magnetoresistance, Hall effect, etc.͒ that plague these types of magnetotransport measurements.
IV. SPIN INJECTION EXPERIMENT
The three-terminal I-V characteristics with fixed control current, presented in Figs. 3 and 4, were measured at room temperature with a magnetic field applied in the plane of the device and perpendicular to the current direction. Owing to the substantial additional noise associated with magnetic field sweeping ͑due to magnetocaloric effects combined with the temperature dependence of silicon͒, the data were measured by sweeping the voltage/current characteristics at a selection of fixed magnetic fields. For the data presented in Figs. 3 and 4 , these fixed field values were established by approaching from the negative magnetic field direction.
Due to shape anisotropy, the magnetic moments of the injector and detector pads are parallel for applied magnetic fields lower than +2.4 kA/ m ͑+30 Oe͒ and greater than +9.2 kA/ m ͑+115 Oe͒ and antiparallel for positive applied magnetic fields between 2.4 kA/ m ͑30 Oe͒ and 9.2 kA/ m ͑115 Oe͒, as shown by the blue triangles in Fig. 3 . There are three significant results from these measurements. First, the I-V characteristics are a function of applied magnetic field. Second ͑disregarding Lorentz magnetoresistance, see below͒, little magnetic sensitivity is observed for voltages below the onset of Fowler-Nordheim tunneling ͑see Fig. 3͒ . Third, the   FIG. 2 . ͑Color online͒ Typical example of the detector-control characteristics with the injector contact floating and the control at ground for the p-type Si. The dots are measured data points and the solid red and blue lines are fits to Eqs. ͑1͒ and ͑2͒, respectively, according to the region the data are in. ͑Inset shows the circuit diagram for these measurements where the single blue arrow indicates the "fixed" magnetic layer and the double-headed blue arrow indicates the "free" magnetic layer.͒ data of Fig. 4 ͑which are taken at an applied voltage above 23 the HC/FNT threshold and are corrected for Lorentz magnetoresistance͒ show that when the magnetic moments of the injector and detector pads are parallel, the injector current is larger than in the antiparallel configuration. The magnitude of this change is 4.1% ± 0.5% ͑12% ± 5%͒ for p-type ͑n-type͒ Si. Furthermore, the data in the hopping conduction regime change little after correction for Lorentz magnetoresistance ͑LMR͒.
The raw data of Fig. 3 were corrected for LMR by the following: The I-V characteristics of the output current at fixed control current and voltage were measured as a function of magnetic field. These data were then fitted to a polynomial of the order of 2, and the fit was used to calculate the output current purely from LMR at each of the measured fields. This value was then subtracted from the raw data ͑with an added constant background value so that the current magnitude remains the same͒ to yield the processed data in Fig. 4 . ͑It should be noted that, due to the noise associated with the magnetic field sweeping, the fit takes an average which yields only the LMR signal; this is the same regardless of the applied control current or voltage.͒
V. DISCUSSION
To confirm the origins of the observed magnetotransport effects, we must consider not just the spin dependent tunneling effects with which we are primarily concerned but also a large family of other potential artifacts with which the spin dependent transport might be confused. These include anisotropic magnetoresistance ͑AMR͒, Lorentz magnetoresistance, and the first-order and second-order Hall effects. The magnetic fields driving these possible artifacts are twofold in origin: the actual magnetic fields that we apply to switch the electrode magnetizations ͑these do not exceed 80 kA/ m͒ and also the fringing fields at the extremities of the magnetic electrodes whose values may locally approach 1 T over very small volumes.
The AMR effect is typically of the order of 1%. Cobalt has a nominal resistivity of 6 ⍀ cm which yields a resistance of less than 450 n⍀ for the cobalt contacts and approximately 4 n⍀ for any AMR contribution to the magnetotransport of the device. AMR effects can thus be discounted in our measurements.
Any first-order Hall effect voltages due to the applied or fringing magnetic fields should have odd symmetry ͑i.e., would change sign as the applied field is reversed͒. From the known Hall coefficient of our SOI wafer and the device ge- ometry we would not expect to see a measurable Hall effect at any magnetic field in Fig. 3 . That there is no such linear term in the magnetotransport is confirmed. Even more importantly, there is no significant component with odd symmetry in the signal as a function of magnetic field that follows the magnetization of the magnetic contacts. This latter observation allows us to conclude that the Hall effect due to fringing fields may also be neglected: although these fringing fields may be large over a restricted volume, they are apparently sufficiently far from the main current path not to influence the transport. This observation also enables us to put an upper limit on the effect of the fringing fields in causing both the second-order Hall effect and LMR ͑both of these signals are symmetric and hence potentially confusable with a spin injection signal͒. Consequently, we can also discount these fringe field effects as possible origins of the observed symmetric magnetotransport.
The final potential artifact is LMR due to the applied magnetic field. This is definitely present and clearly observable ͑data not shown͒. Since any LMR in the ferromagnet which is only 30 nm thick ͑compared to 2.2 m for the Si͒ is negligibly small, the effect originates solely from the Si. Its magnitude agrees with predictions-approximately 4% ͑ϳ40 k⍀͒ of the total resistance over the applied field range. This is also a symmetric ͑parabolic͒ effect and we have subtracted it from the data of Fig. 3 to yield Fig. 4 ͓where its primary effect is to alter the injector currents of the H = ± 16 kA/ m ͑±200 Oe͒ data͔ to leave a 4% signal variation that we believe arises from spin dependent transport.
Our confidence in this result arises not only from having accounted for the potential competing artifacts but also from the correlation between the observed spin dependent effect and the voltage regime of the barriers. If spin dependent transport was absent, then the two different methods of conduction ͑Fowler-Nordheim tunneling and hopping conduction͒ should have no influence on the magnetic signal. The type of magnetic sensitivity present at low voltages should also be present at high voltages, and vice versa. In practice the onset of strong asymmetric magnetic sensitivity is voltage dependent. This is consistent with the hopping conduction substantially destroying the spin polarization of the carriers in the low bias regime; then when bias is increased and Fowler-Nordheim tunneling begins to dominate, the spin polarization is retained, rendering the current sensitive to the relative magnetic orientations of the magnetic detector and injector contact pads. Assuming this mechanism, the spin polarization can be estimated from Julliere's model 24 for spin tunneling to be 1.40% ± 0.08% for the p-type Si. ͑Assuming holes are the carriers in the n-type Si, the same arguments apply and yield a spin polarization of 1.09% ± 0.05%.͒ This value for the spin polarization is significantly lower than the theoretical value of 38%, as well as lower than typical values in the literature. This is to be expected since hopping conduction, though no longer dominant, is still active at high barrier bias and it destroys part of the injected spin polarization.
VI. CONCLUSIONS
In conclusion, two different conduction mechanisms with different voltage regimes were observed in the Si 3 N 4 low transmission barriers, one of which destroys spin. When combined with symmetry considerations from the device geometry, this voltage dependence of the magnetic sensitivity strongly supports the existence of spin injection into silicon.
